Penicillium expansum was cultured in apple juice media prepared from six different commercial apple juices. The patulin production was profoundly affected by the differences in apple juices, whereas fungal growth was generally not. The maximum concentration of patulin was . -fold of that in the media containing minimum concentration of patulin. The six apple juices were concentrated by evaporation and reconstructed to the original volumes by adding Milli-Q water. P. expansum was cultured in the media prepared from reconstructed apple juices, and the patulin concentration and fungal growth were determined. Evaporation of apple juice tended to decrease patulin production and to increase fungal growth, suggesting that the volatile compounds promote patulin production and inhibit fungal growth. The volatile compounds in the apple juice were then analyzed by GC-MS. The compounds of which concentrations were largely decreased by evaporation were selected for evaluation of their stimulation of patulin production. Seven out of the compounds, -methylpropyl acetate, ethyl butyrate, ethyl -methylbutanoate, -methyl--butanol, hexyl acetate, -hexanol, and -methylbutanoic acid, increased the patulin production of P. expansum concentration-dependently; -methylbutanoic acid and its ethyl ester were highly effective. Our results indicated that the composition of volatile compounds in apple juice media largely affects the patulin production and the growth of P. expansum.
Introduction
Patulin is one of the mycotoxins, first isolated in from a culture of Penicillium patulum (also called P. griseofulvum) ) , and is a major contaminant for apples and pears ) . Patulin shows immunotoxic and neurotoxic effects in animal experiments , ) , and is regulated in many countries, including the U.S. ) , the European Union ) , and Japan ) . These countries have adopted µg/kg as a maximum residue limit in apple juice and apple-related foods. Many species of Penicillium and Aspergillus such as P. patulum, P. melinii, P. claviforme, A. clavatus, A. giganteus, and A. terreus produce patulin, and the most common species that causes patulin contamination in apples is P. expansum ) .
Patulin contamination in foods results in great economic loss ) , and thus food industries are eager to develop a technique to prevent patulin contamination in apple juice. Until now, many investigations for prevention the growth of P. expansum and patulin contamination have been performed. Patulin production in apples usually occurs after harvesting. Appropriate quality control of postharvest apples, such as adequate handling and storage conditions, is very important to prevent patulin contamination -) . The Codex Alimentarius Commission (CAC) has been preparing guidelines to reduce patulin in apples. Chemical agents such as potassium sorbate and sodium propionate inhibit P. expansum growth and patulin production , )
, and UV irradiation reduces patulin contents in apple cider ) . However, patulin contamination of apples is still not adequately controlled.
Some natural chemicals contributing to plant aroma have antibacterial and antifungal activities -) .
These chemicals can reduce the risk of contamination of agricultural products and foods, and the health hazards presented by microorganisms. In particular, cinnamaldehyde, benzaldehyde, and aliphatic aldehydes were found to have potent inhibitory effects against microorganisms. Among these, (Z)--hexenal, , -hexadienal, and (E)--undecenal showed relatively strong antibacterial and antifungal effects, and those compounds prevented the production of toxic secondary metabolites. Gaseous (E)--hexenal was effective for preventing P. expansum contamination in pears , ) . In our previous study, the effects of aliphatic aldehydes with -carbons on the growth and patulin production of P. expansum were examined, and we found that -propenal, (E)--butenal, (E)--pentenal, and (E)--hexenal added to apple juice media inhibited the germination of P. expansum spores and fungal growth ) .
On the other hand, gaseous (E)--heptanal, (E)--octenal, and (E)--nonenal have been reported to
stimulate aflatoxin production by A. flavus inoculated into corn, but to suppress it in cotton seed and peanuts ) . In our study the aliphatic aldehydes with -carbons, octanal, (E)--octenal, nonanal, (E)--nonenal, decanal, and (E)--decenal added to the apple juice medium significantly enhanced the patulin production by P. expansum without affecting fungal growth )
. These findings suggest that volatile compounds in apples and apple juice affect the patulin production by P. expansum growing in apples and apple juice.
Karlshøj et al. ( ) investigated the composition of volatile compounds by electric nose analysis to
clarify the relationship between P. expansum infection and patulin spoilage in apples . To the best of our knowledge, however, there is no report on the effects of individual volatile compounds in apples on the patulin production by P. expansum. Here we describe the effect of volatile compounds in apple juice on the patulin production by P. expansum, and we discuss our finding that some of the compounds, such as -methylbutanoic acid and its ethyl ester, increased the patulin contents in apple juice culture concentrationdependently.
Materials and Methods
Apple juices Clear apple juices A-F made by six different domestic companies were purchased from grocery stores and stored at C in dark until experiment. Reconstructed apple juices were prepared as follows: apple juices were concentrated by a rotary vacuum evaporator equipped with a vacuum controller NVC-(Tokyo Rikakikai Co., Tokyo, Japan) at C. The respective concentration rates were . , . , Determination of patulin concentration in apple juice medium P. expansum culture in apple juice media was filtered through No. filter paper. The filtrate was mixed with an equal volume of MeOH and then filtered through a . -µm Ultrafree-MC Centrifugal Filter (Merck Millipore, Billerica, MA, USA). The mixture was subjected to high-performance liquid chromatography (HPLC) analysis with an HPhighperformance liquid chromatograph equipped with a TSK gel ODS-V separation column ( mm, µm; Tosoh, Tokyo, Japan). The HPLC system was connected to a UV detector and a mass selective detector with an electron spray ionization interface (Agilent Technologies, Santa Clara, CA, USA). The mobile phase A and B were Milli-Q water and MeCN, respectively. Separation was done at a flow rate of . mL/min by the following linear gradient program: from . to . min, % A, % B; from . to . min, % A, % B to % A, % B; from . to . min, % A, % B; from . to . min, % A, % B to % A, % B; and from . to . min, % B, % A. The column temperature was C and the injection volume was . µL. The UV absorbance at nm and mass spectrometry at m/z . (negative, single-ion monitoring mode) were used in quantitative and qualitative analyses, respectively. The capillary voltage, fragmentor voltage, and temperature for mass spectrometry were -, V, V, and C, respectively. For the calibration standards, patulin standard solutions ( , , , , , , , and µg/mL) were prepared using % MeCN. The measured patulin concentration was expressed as the concentration in the apple juice medium.
Analysis of volatile compounds in apple juices by GC-MS coupled with headspace SPME Ten-milliliter aliquots of % apple juice in saturated NaCl solution were poured into -mL glass vials, and then µL of mol/L HCl was added. After the addition of µL of a mixture of methyl isobutyl ketone ( µg/mL) and cyclooctyl alcohol ( µg/mL) in EtOH as internal standards, the glass vials were sealed with PTFE-lined caps (GL Sciences Inc., Tokyo, Japan). Volatile compounds in headspace from the apple juices were extracted using a solid phase micro-extraction (SPME) fiber: / µm DVB/CAR/PDMS, -cm length (SigmaAldrich, St. Louis, MO, USA). Extraction was performed at C for min under agitation (speed rpm).
After extraction, the SPME fiber was immediately inserted into the gas chromatography (GC) injector for thermal desorption for min at C. An Agilent N gas chromatography system coupled to a Effects of volatile compounds in apple juice on the patulin production by P. expansum The compounds of which concentrations were largely decreased by evaporation were added separately to RAJM C at the same concentrations as those determined for AJM C (original concentration), and also at the concentrations ten times higher than those in AJM C (ten-times concentration). AJM C was used as the positive control and RAJM C as the negative control. Volatile compound was added as an EtOH solution to the medium immediately before inoculation, the final concentration of EtOH in the medium was . %. The same amount of EtOH was added to positive and negative controls. P. expansum spores were inocultaed to apple juice media with the final spore concentration spores/mL and cultured statically at C for d. The differences in the patulin concentrations between culture media were analyzed by t-test of five individual experiments.
Effect of 2-methylbutanoic acid on fungal growth and patulin production An EtOH solution of -methylbutanoic acid was added to RAJMs A-F at the same concentration as that in AJM C, and at the concentration ten-times higher than that in AJM C. RAJMs A-F without adding of -methylbutanoic acid were used as controls. A spore suspension of P. expansum was inoculated and cultured statically at C.
After culturing for d, the dry weight of mycelia and the patulin concentration were determined. The differences in the weight of mycelia and the patulin concentrations between culture media were analyzed by t-test of five individual experiments.
Results
Patulin production by P. expansum in six media made from different commercial apple juices and the effect of evaporation of apple juices on patulin production A spore suspension of P. expansum was inoculated into the apple juice media (AJMs) A-F and the reconstructed apple juice media (RAJMs) A-F, and cultured at C for d. The dry weight of mycelia was measured as an indicator of fungal growth, and the patulin amount in the culture medium was determined by LC/MS. The difference in apple juices markedly affected the patulin production by P. expansum. The lowest patulin concentration was .
. µg/mL in AJM E, and the highest patulin concentration was .
. µg/ mL in AJM C. Table also shows the effect of the evaporation of apple juices on the patulin production by P. expansum in apple juice medium. The evaporation significantly reduced the patulin concentrations, by %, %, % and % in apple juices A, B, C, and E, respectively (significance level %). In apple juices D and F, the evaporation scarcely changed the patulin concentrations in culture. These results suggested that some volatile compounds in apple juices might stimulate the patulin production by P. expansum.
Table shows the fungal growth on the six AJMs of five individual experiments. The smallest dry weight of mycelia was recorded in AJM D ( % of the average value in the six media), and the largest dry weight was obtained in AJM C ( % of the average value), indicating that fungal growth was not greatly affected by the difference in apple juices. Table also shows the fungal growth on the RAJMs A-F. Except for apple juice E, the evaporation significantly increased the dry weight of mycelia. In particular, in apple juices B, C, and D, the evaporation increased the dry weight of mycelia by . -, . -, and . -fold, respectively. These results suggested that some volatile compounds in apple juices inhibited P. expansum growth. 
Analysis of volatile compounds in original and evaporated apple juices Since the volatile compounds in
the apple juice might affect the growth of P. expansum and its patulin production, the contents of volatile compounds in the apple juices A-F and in the reconstructed apple juices A-F were determined before sterilization. The volatile compounds of these apple juices were analyzed by GC/MS coupled with headspace-SPME, and a number of volatile compounds were detected as shown in Supplementary Table . From detected compounds in apple juices by GC/MS analysis, compounds were selected on the basis of two criteria. First, we selected the compounds of which intensity values were larger than one-tenth of those of internal standards in the original apple juice C. The greatest amount of patulin was produced in AJM C among the six AJMs. Second, we selected the compounds of which the concentrations were reduced to one-fifth or less by evaporation. Those compounds were identified to be -methylpropyl acetate, ethyl butyrate, ethyl -methylbutanoate, butyl acetate, hexanal, -methylbutyl acetate, -butanol, (E)--hexenal,
-methyl--butanol, hexyl acetate, octanal, -hexanol, and -methylbutanoic acid by comparison of retention time on GC and MS fragmentation pattern with authentic standard compounds. Their actual concentrations in the original apple juices and reconstructed apple juices were determined more accurately by standard curves generated for each compound, and are shown in Table . Indeed, the selected compounds were confirmed to be present at a high concentration in original juice C, and their concentrations were greatly reduced by evaporation. Effects of volatile compounds in apple juice on the patulin production by P. expansum The effects of the above-mentioned volatile compounds on the patulin production by P. expansum were investigated using RAJM C. The compounds were added separately to RAJM C at the same concentrations as those determined for AJM C shown in Table (original concentration) , and also at the concentrations ten times higher than those in AJM C (ten-times concentration). AJM C and RAJM C were used as positive and negative controls. The patulin concentrations in culture media were determined after culturing for d.
Figure demonstrates that the addition of butyl acetate, hexanal, -methylbutyl acetate, -butanol, (E)--hexenal, and octanal did not affect the patulin production. By contrast, -methylpropyl acetate, ethyl butyrate, ethyl -methylbutanoate, hexyl acetate, -hexanol, and -methylbutanoic acid increased the patulin concentration in the cultures. In the media to which -methylpropyl acetate or ethyl butyrate were added up to original concentrations, the patulin amounts in the cultures were significantly increased compared to that in negative control. However, when two compounds were added up to ten-times concentrations, the patulin concentration in cultures did not increase any further. The addition of -methyl--butanol and -methylbutanoic acid up to the original concentrations stimulated the patulin production up to or over the patulin concentration ( . . µg/mL) in the positive control, AJM C. Also, the addition of ethyl -methylbutanoate, -hexanol, and -methylbutanoic acid up to the ten-times concentrations stimulated the patulin production up to or over the patulin level in the positive control, whereas the addition of -methyl--butanol up to the ten-times concentration did not affect it.
Effect of 2-methylbutanoic acid on fungal growth and patulin production Since -methylbutanoic acid effectively stimulated the patulin production in RAJM C (Fig. ) , its effect on the patulin production by P. expansum were investigated in the other five apple juices. -Methylbutanoic acid was added to RAJMs A-F at the same concentration ( . µg/mL) as that in AJM C, and at the concentration ( . µg/mL) ten times higher than that in AJM C. The six RAJMs were used as negative controls. The patulin concentration (Fig.   A ) and fungal growth (Fig. B) in culture media were determined after d culturing.
In the cultures of RAJMs A, B, C, D and E, the addition of -methylbutanoic acid significantly increased the patulin amount in a concentration-dependent manner, and in RAJM F, a weak tendency to increase patulin concentration was observed. Conversely, in the A-F media, the addition of -methylbutanoic acid significantly decreased the dry weights of mycelia of P. expansum. The relationship between decrease in the fungal growth and enhancement of patulin production in apple juice medium by the addition of -methylbutanoic acid was the same as the relationship observed for some AJMs and RAJMs. That is, the evaporation significantly reduced the patulin productions and significantly increased the fungal growth in apple juices A, B, and C (Table , ) .
Thus the relation between concentrations of -methylbutanoic acid (Table ) and patulin production (Table ) in the six AJMs and six RAJMs was investigated; a positive correlation was observed between the -methylbutanoic acid concentration and the patulin production in twelve apple juice media as shown in Figure . 
Discussion
The present study demonstrates that patulin production by P. expansum depends on media made from the six different apple juices. Evaporation of these juices reduced the patulin production and simultaneously increased fungal growth, suggesting that some volatile componds in these juices stimulate patulin production and inhibit fungal growth. In fact, seven volatile compounds ( -methylpropyl acetate, ethyl butyrate, ethyl -methylbutanoate, -methyl--butanol, hexyl acetate, -hexanol, and -methylbutanoic acid) in the apple juices were found to enhance the patulin production.
Especialy, the addition of -methylbutanoic acid stimulated patulin production in the six different apple juices in a concentration-dependent manner. We also observed a positive correlation between the -methylbutanoic acid concentration and the patulin production in the six AJMs and six RAJMs. The concentration of -methylbutanoic acid may affect the patulin production of P. expansum in apple juice. However, the data for AJM D largely departed from this correlation; even though the concentration of -methylbutanoic acid was . µg/mL (Table ) , the patulin concentration was . . µg/mL (Table ) . More experiments are needed before determining completely the role of -methylbutanoic acid on patulin production of P. expansum in apple juice.
The addition of ethyl -methylbutanoate also stimulated the patulin production in RAJM C at a lower concentration than that of -methylbutanoic acid, indicating that ethyl -methylbutanoate is a more effective compound on patulin production than -methylbutanoic acid. This may imply that the stimulating activity of these volatile compounds is affected by their hydrophobicity and permeability. The -methylbutanoyl group might be an essential structural unit to elicit the enhancement of patulin production of P. expansum, and in that sense, it is of interest to analyze the structure-activity relationship among -methylbutanoic acid derivatives.
Our previous study showed that some aliphatic aldehydes, such as octanal, increased the patulin production of P. expansum in apple juice without affecting fungal growth ) . Although the most effective concentration of octanal on patulin production in our previous study was µg/mL, the maximum concentration of octanal in the six apple juices used in the present study was only . µg/mL, in AJM C. Therefore, aliphatic aldehydes at their actual concentrations in apple juice can not stimulate the patulin production of P. expansum. In contrast, -methylbutanoic acid and its ethyl ester stimulated the patulin production by P.
expansum at their actual concentrations in apple juice.
Manganese was reported to play an important role in patulin production by P. expansum ) . We therefore suspected that there were significant differences among the juices in the contents of metals, and determined the contents of metals in the six apple juices. Potassium, phosphorous, sodium, magnesium, calcium, and manganese were detected in all six juices, but there was no correlation between the patulin production and contents of any of these metals (data not shown).
The present study showed that at least five other compounds, besides -methylbutanoic acid and its ethyl ester, stimulated patulin production. In apple juice, they may interact with each other in the stimulation of patulin production. The identification of such interactions in the patulin production of P. expansum will contribute to the development of methods to control the patulin contamination of apples and apple products.
Ethyl -methylbutanoic acid is present in many types of fruit, and descriptions of its aroma include fruity and sweet aroma notes; it apparently contributes greatly to the aroma of many fruits, including apple -) . By contrast, the odor of -methylbutanoic acid is described as cheesy or rancid, and it is very different from apples aroma , )
. 
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